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show that this membrane relocalization is
due to the binding of the KA1 domain to
phosphatidylserine. Although it is still
unclear how the 14-3-3 protein prevents
membrane binding, taken together the
data suggest that for MARK kinases, the
14-3-3 protein functions as part of
a switch that regulates the shuttling of
MARK kinases between a membrane-
bound and a cytoplasmic state. Future
studies are needed to determine the
functional relevance of this relocalization
and whether it targets the kinase to
specific substrates at the plasma
membrane. Like 3-phosphoinositide-
dependent kinase (PDK1) (Komander
et al., 2004), the MARK kinases may
have roles both at the membrane and in
the cytosol.In summary, the KA1 domain joins the
growing list of membrane-targeting
domains with broad specificity for anionic
phospholipids and the growing list of
coincidence detectors involved in lipid
recognition. The fact that this module
now turns out to be present in several
membrane-interacting proteins that were
previously overlooked in a large screen
for lipid interactors (Zhu et al., 2001)
suggests the exciting possibility that
many unidentified membrane-interacting
domains await discovery.REFERENCES
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Understanding how signaling pathways are interconnected is vital for characterizing mechanisms
of normal development and disease pathogenesis. In this issue, Van Wageningen et al. (2010)
examine phosphorylation networks in Sacharromyces cerevisiae with genome-wide expression
profiling to identify recurring themes in signaling redundancy.Reversible posttranslational modifica-
tions, such as phosphorylation, provide
practical mechanisms to transmit infor-
mation from the extracellular milieu to
regulatory centers inside of the cell.
Phosphorylation pathways, comprised of
kinases, phosphatases, and their sub-
strates, are frequently studied as linear
entities in isolation from their surrounding
cellular context (Chen and Thorner, 2007;
Fiedler et al., 2009). Although this
simplistic treatment has identified thou-
sands of kinase and phosphatase sub-
strates, many of which display tissue
specificity (Old et al., 2009), regulatorymodifications are more realistically
viewed as a network in which individual
signaling cascades are interconnected
by common substrates and interdepen-
dent regulation. Indeed, understanding
the biological significance of a regulated
event in the life of amulticellular organism,
such as a response to inflammation, or the
etiology of a complex human disease,
such as cancer, demands detailed knowl-
edge of network properties of signaling
cascades. In this issue of Cell, van Wage-
ningen and colleagues use global gene
expression analysis to characterize the
network properties of kinase pathwaysin the budding yeast Saccharomyces
cerevisiae and, in the process, uncover a
recurrent regulatory motif that links phos-
phorylation pathways together to ensure
robust responses.
Two genes ‘‘interact’’ when disrupting
both genes simultaneously increases or
decreases the growth of the organism
compared to that predicted for the combi-
nation of the single mutants (Figure 1A)
(Dixon et al., 2009). Such interactions illu-
minate features of a signaling network,
including redundancies. Redundancy
occurs when the functions of two compo-
nents in a pathway overlap significantlyecember 10, 2010 ª2010 Elsevier Inc. 867
Figure 1. Three Categories of Genetic Interactions in Phosphoryla-
tion Networks
A genetic interaction occurs when two single-mutant phenotypes are insuffi-
cient to predict the phenotype of the double mutant.
(A) When two genes are ‘‘completely redundant,’’ disrupting either gene alone
has no effect on growth and gene expression, but disrupting both genes
severely alters both properties.
(B) Two genes can also exhibit ‘‘quantitative redundancy’’ (Van Wageningen
et al., 2010) in which the phenotype of a single mutant is greatly exacerbated
in the double mutant.
(C) The kinases Fus3 and Kss1 in Saccharomyces cerevisiae display a third
type of genetic interaction called ‘‘mixed epistasis.’’ Fus3 and Kss1 can func-
tion redundantly in the mating response, but Fus3 normally represses the fila-
mentous growth pathway, leading to different gene expression profiles in the
single and double knockouts of these genes.and thus can compensate for
each other when one is lost
(Costanzo et al., 2010). In
general, redundancies are
predicted only when two
proteins share significant
sequence homology.
Most large-scale screens
that identify genetic interac-
tions perform combinatorial
deletion (or knockdown) of
gene pairs and then compare
the growth of the ‘‘double
mutants’’ to that of the single
mutants (Costanzo et al.,
2010; Whitehurst et al., 2007).
These ‘‘synthetic lethal’’
screens provide insights into
the network’s landscape but
often do not illuminate the
underlying molecular mecha-
nisms vital to decode the logic
of signaling networks.
S. cerevisiae has 141 genes
encoding protein kinases
and 38 genes encoding phos-
phoprotein phosphatases.
Remarkably, 150 of these
genes are dispensable for
growth because yeast strains
with mutations in these genes
are still viable (Fiedler et al.,
2009). A previous synthetic
lethal screen identified ge-
netic interactions between
24 pairs of these signaling
components. To identify
principles underlying these
genetic interactions, van
Wageningen et al. use global
gene expression as the
readout of the cell’s response
to mutating specific interact-
ing pairs: two kinases, two
phosphatases, or a kinase-
phosphatase pair. First, they
generate gene expression
profiles for each of the 150
strains with one gene dis-
rupted. They then compare
these profiles to those of
strains with two genes dis-rupted (i.e., double mutants). In total,
they query more than 20 negatively inter-
acting kinases and/or phosphatases by
DNA microarray analysis.
Sixteenof thedouble-mutant strains are
viable, and of those, four display simple868 Cell 143, December 10, 2010 ª2010 Elseredundancy (Figure 1A). For example,
deleting either protein-tyrosine phospha-
tase PTP2 or PTP3 has no effect on gene
expression, but disrupting both phospha-
tases simultaneously significantly alters
the expression of genes regulating cellvier Inc.wall integrity and osmotic
response pathways. Two
other cases (i.e., PTC1-PTC2
and PPH3-PTC1) exhibited
what the authors call ‘‘quanti-
tative redundancy’’ (Fig-
ure 1B). In these cases, the
expression profile of one
single mutant resembles that
of wild-type, whereas disrupt-
ing the second factor signifi-
cantly alters the expression
of a limited number of genes.
Then, deleting both genes
simultaneously exacerbates
the altered gene expression
of the single mutant (Fig-
ure 1B). To explore the mech-
anism underlying ‘‘quantita-
tive redundancy,’’ van
Wageningen et al. demon-
strate that PTC1 and PTC2
inactivate a common sub-
strate (i.e., the mitogen-acti-
vated protein kinase [MAPK]
HOG1) but with different effi-
ciencies.
The remaining cases of in-
teracting genes display more
complex and unexpected
behavior, which the authors
call ‘‘mixed epistasis.’’ In
these cases, changes in
gene expression patterns are
different for the single and
double mutants and, as a
result, are not readily predict-
able. In double mutants, both
full and quantitative redun-
dancy are observed often in
conjunction with opposite
effects on the expression
of some genes. Remarkably,
mixed epistasis, which in-
cludes kinase-phosphatase
pairs, is the most prevalent
genetic interaction found.
To identify mechanisms
that could lead to mixed epis-
tasis, van Wageningen and
colleagues then use mathe-
matical modeling to searchfor network topologies consistent with
the observed expression phenotypes.
Their findings suggest that pairs of genes
showingmixed epistasis have twoproper-
ties. First, the functions of the two genes
partially overlap; second, one gene
represses or inhibits the other. The clear-
est validation for these characteristics
comes from the two MAPKs Fus3 and
Kss1 (Figure 1C). Fus3 and Kss1 are
both activated by the same MAPK kinase
kinase Ste11 in a scaffold-restricted
manner. Fus3 mediates pheromone-
induced mating of yeast, whereas Kss1
regulates filamentous growth. However,
in the absence of Fus3, Kss1 can also
support mating at an extremely low rate.
Thus, these two largely independent path-
ways have partially overlapping functions.
Fus3 phosphorylates and promotes the
degradation of a factor necessary for
filamentous growth, inhibiting the function
of Kss1. Furthermore, Fus3 apparently
induces a phosphatase that selectively
dephosphorylates and inactivates Kss1
(Figure 1C) (Chen and Thorner, 2007).
Therefore, Fus3 inhibits the function and
activity of Kss1.
Other regulatory pairs displaying
‘‘mixed epistasis’’ are from signaling
pathways that are known to act on
different cellular events. Although the
mechanisms conferring mixed epistasis
to these other pairs are not immediately
obvious or already validated by the litera-
ture, several of these interactions pinpoint
well-known communications between
environmental sensing and regulatory
processes. For example, connections
between energy sensing and the cell-
cycle machinery are well known (Breitk-
reutz et al., 2010). Now, van Wageningen
and colleagues find that ELM1 (or HSL1),
a kinase that phosphorylates and
increases the activity of the AMP-acti-
vated protein kinase (AMPK), displays
mixed epistasis with MIH1, the budding
yeast homolog of the cell-cycle phospha-
tase Cdc25. The interaction between
these genes reveals the direct link
between energy sensing by AMPK and
cell-cycle control. This example of mixedepistasis utilizes nonhomologous pro-
teins to achieve the same outcome
accomplished with homologous proteins,
providing an additional mechanism for
ensuring robust signaling. Of interest, it
is interdependencies such as these that
make it difficult to predict relative contri-
butions of different regulators when
studying individual pathways in isolation.
A continuing debate in the field is
whether or not findings from single-celled
organisms, such as S. cerevisiae, will
be relevant to signaling networks in more
complex metazoans. Although recent
studies suggest that information gained
from experiments with S. cerevisiae may
not provide a good platform for homology
mapping to multicellular organisms (Dixon
et al., 2009), a reductionist approach may
still have predictive power for dissecting
pathway interactions in metazoans. For
example, previous studies in S. cerevisiae
identified negative interactions between
Fus3 and the MAPK Hog1 (Hall et al.,
1996). Of interest, this interaction and the
new one observed for Fus3 and Kss1 are
reminiscent of the relationship between
two distinct MAPK pathways in the
mammalian myogenic program, the p38
(a mammalian homolog of Hog1) and
ERK1/2 pathways. In mouse muscle
progenitor cells (i.e., myoblasts), reduced
growth factor stimulation from serum
activates p38, which then triggers tran-
scription of early regulators of differentia-
tion. ERK1/2 are indirectly inactivated
in a p38-dependent manner, similar to
how Fus3 inhibits the activity of Kss1.
However, later in differentiation, ERK1/2
stimulation promotes the differentiated
state (Wu et al., 2000). Undoubtedly,
many more examples of this regulatory
motif have and will be identified.
What general conclusions can we
infer from the global perspective of
kinase signaling provided by van Wage-Cell 143, Dningen and colleagues? First, functional
redundancy is not limited to proteins
with primary sequence similarity; in fact,
functional redundancy is even common
among nonhomologous proteins. Sec-
ond, the wiring of signaling pathways in
the cell can easily facilitate a broad
spectrum of redundancies from complete
compensation to mixed epistasis.REFERENCES
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